4A3421).
Introduction
Protein kinase C (PKC), a serinelthreonine kinase family of related subspecies, is a key regulatory enzyme in signal transduction mechanisms that govern various cell responses (1) . PKC has been implicated in synaptic transmission, memory, learning, growth, differentiation, metabolism, contraction, exocytosis, gene expression, regulation of ion channels, and transformation (1). In addition, the enzyme is also the major receptor for the tumor promotor phor-bo1 ester and hence its role in transformation (1) .
Signal transduction components have been described in mammalian sperm (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13) . Recently, we have found PKC and some of its subspecies in human sperm. On the other hand, enhanced motility and acrosome reaction induced by "PA were inhibited by PKC inhibitors (14, 15) . Sperm PKC activity is relatively low and was found to be distributed between the particulate (65%) and soluble fractions (45%) (14, 15) . PKC activators such as TPA and the cellpermeable diacylglycerd analogue 1-oleoyl-2 -acetylglycerol (OAG) increased motility and acrosomal reaction. On the other hand, enhanced motility and acrosome reaction induced by TPA were inhibited by PKC inhibitors (14) (15) (16) . Furthermore, excellent correlation was found among various donors between the percentage of PKC-immunostained sperm cells and motility (14) .
Immunohistochemical analysis of human sperm with typespecific PKC antibodies at the light microscopic level revealed PKCa ' Correspondence to: Prof. M. Kalina and PKCPII in the equatorial segment, whereas PKCPI and PKCS staining was found in the principal piece of the tail. In ram and bull sperm cells, additional domains, the upper region of the head and the post-acrosomal regions, were also immunostained with antibodies to PKC (17) .
The data presented here clanfy the localization of PKC in human sperm cells at the ultrastructural level. The immunogold technique enabled us to localize PKC in various subcellular domains in regions that include the head, neck, and tail of the human sperm cell. . . (1416). Briefly, the cells were treated with PKC antibody (CKmCIS-a, diluted 1:lO) for 18 hr at 4'C, followed by biotinylated second antibody (1:lOO) and finally with FIX-avidin (1:200; all reagents from Vector, Burlingame. CA). The specimens were mounted in glycerol-PBS and examined in a Zeiss Microscope equipped with an epi-illuminator and a filter for F I X fluorescence.
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Immunoelmron Microscopy. Cells were fixed with 2% glutaraldehyde in 0.1 M cacodylate buffer for 60 min at room temperature (RT). After washing in buffer, samples were dehydrated in acetone and embedded in Araldite. The cells were not treated with osmium because preliminary experiments indicated an almost complete loss of antigenicity of PKC in osmium-treated cells (data not shown). Sections were placed on silver grids and immunogold labeling was performed as prwiously described (19) . Briefly, sections were treated with 0.1% Triton X-100 in PBS for 20 min. washed in PBS, and then placed in 1% bovine serum albumin (BSA) for 1 hr. After draining, the sections were incubated for a further 18 hr at 4°C with the primary antibody (diluted 1:SO). After rinsing in 0.05 M Tris-buffered saline (TBS). pH 7.3, the sections were incubated for 1 hr at RT with 8-or 15-nm gold-conjugated goat anti-mouse IgG (Biocell; Cardiff, UK), diluted 1:10 with TBS, pH 8.4, containing 1% egg albumin. After the immunostaining, sections were rinsed, contrast was enhanced with uranyl acetate and lead citrate, and the sections were then examined with a JEOL IOOB electron microscope. The specifity of the immunogold labeling was determined by the use of the following controls: (a) omission of the primary antibody; (b) substitution of the primary antibody with non-immune mouse IgG and (c) absorption of the antibody with excess PKC (rat brain PKC a-and P-subspecies).
Morphometric Analysis. All morphometric measurements were performed on transmission electron micrographs ( x 45.000). Gold particles were counted in the sperm tail along the axoneme, outer dense fibers, mitochondria in the mid-piece, and fibrous sheath ofthe principal piece, and were expressed as gold particles/pm length.
Resu Its
Immunofluorescence Immunofluorescence localization of PKC in sperm cells was obtained with MAb CKmCIB-a. This antibody has been previously shown to react with conventional (a, 0, and y) rat brain PKC subspecies (18) . In the sperm head, the staining was observed as a band in the equatorial segment, as well as patches in the acrosomal region. Bright staining was also observed along the entire tail region of the sperm cells. extending to the neck region of the sperm head (Figures la and Ib). The staining in the tail was not continuous but appeared in patches along the tail region. Pre-absorption of the antibody with rat brain PKC a and fl resulted in complete disappearance of the equatorial and acrosomal staining. However, only partial disappearance of immunofluorescence was observed along the sperm tail (Figures IC and Id).
Tubulin is one of the main components of the sperm tail axoneme. Its localization was therefore compared to that of PKC. Unlike the patches observed on staining of PKC. tubulin was located continuously along the entire length of the tail (Figure le) . 
Immunoehctron Microscopy
Localization of PKC in human sDerm cells was d monstri d with the MAb CKmCIB-a. Only non-osmicated cell preparations were positively labeled and were therefore used in the present study. The distribution of gold particles resembled the previously described immunofluorescence localization. In the sperm head, gold particles were localized in patches along the acrosome, the equatorial segment, and the postacrosomal dense laminae (Figures 2 and 3) . Labeling of the sperm flagellum was observed in patches along the tail. A heavily labeled region appeared to be the sperm neck, in which the basal plate and especially the segmented columns were labeled (Figures 2 and 3) , as well as the centriole (Figure 4) .
The patchy labeling observed in the immunofluorescence study was also found along the mid-piece (Figures 4 and 5 ) and principal piece of the sperm tail (Figures 5 and 6 ). In both regions the gold particles were distributed between the elements of the axoneme and the outer dense fibers. The mitochondria in the mid-piece and the fibrous sheath of the principal piece were devoid of gold labeling (Figures 5-7) . Control immunogold-labeled sections were negative; an example of a section immunolabeled with anti-mouse IgG is shown in Figure 8 . The distribution of gold particles between the axoneme and the outer dense fibers could be observed in micrographs of cross-sections along the flagellum (Figure 9 ). Immunogold labeling could also be observed in the axoneme at the region of the end piece (Figure 9d ). 
~-
the mid-piece and principal piece, as well as the relative distriburized in Table 1 . The density of gold particles (gold partiCkS/l pm of tail length) was similar in the mid-piece compared with the prinaxoneme and Outer dense fibers. The mitochondria in the mid- Table 1) .
Discussion
The present immunocytochemical study demonstrates, for the first time. PKC-immunoreactive sites in the head as well as the flagel-lum of human sperm at the electron microscopic level. In previous light microscopic studies from our laboratory, PKC was localized in the head, mainly to the equatorial segment and to the principal piece of the flagellum (14) (15) (16) . In the present immunoelectron microscopic study. PKC was associared with well-defined cell s t~~tures. In the sperm head, PKC was localized in the acrosome, equatorial segment, and postacrosomal region. In the flagellum. PKC was associated with the segmented column of the neck and was distributed in patches along the mid-, principal, and end pieces.
Table 1. Distribution OfgoMpartides between the axoneme and outer dense fibers of the mid-and brincibal bieces of the tail"
Gold paaniclesllwm (mean f SE) Gold particles were associated with the axoneme and outer dense fibers but not with the mitochondria or outer fibrous sheath. A major component of the axoneme are the microtubules. We therefore compared the immunostaining of PKC to that of tubulin. The staining of tubulin appeared continuous and was located along the entire tail, as previously observed (20) . It is interesting that, unlike tubulin, gold labeling of PKC along the axoneme was patchy rather than continuous, thus indicating discontinuities in the localization of the enzyme along the sperm tail.
Mid-piece
We have previously demonstrated at the light microscopic level, using type-specific PKC antibodies, that PKCa and PKCP I1 antibodies recognized antigenic sites in the equatorial segment (16) . It was therefore suggested that these two subspecies might be involved in mediating acrosome reaction. On the other hand, staining for PKCpI and PKCC was observed in the principal piece of the flagellum (16), suggesting their involvement in sperm motility (14J5).
In the present study, which employed post-embedding immunogold labeling, the only reactive PKC antibody was CKmCIP-a.
Pre-absorption of the antibody with excess PKC a and P completely inhibited gold labeling in the sperm head, but only partially inhibited the labeling of the tail. Since PKC y, which is also recognized by the antibody, is absent from human sperm (14,1>) , it is possible that an additional PKC subspecies, not yet characterized, is recognized by the antibody in the flagellum of the human sperm.
The nature of the substrate(s) of PKC in the sperm is not known at present. Nevertheless, it is reasonable to speculate that the localization of PKC in the sperm head is associated with the exocytotic response associated with the acrosome reaction (16) . Localization of PKC in the centriole and axoneme of the flagellum may be related to sperm motility (14J5).
An intriguing localization is that found in the neck and outer dense fibers along the tail. Biochemical investigations of isolated outer dense fibers revealed that these flagellar substructures consist of three major polypeptides and do not contain phosphoproteins (21) . It is believed that these fibers have passive elastic properties with respect to sperm motility, providing tens& strength that may be necessary to protect spermatozoa from shear forces (22) . It is therefore possible that PKC substrate dements do exist and operate in this region in a manner that is as yet unknown.
Human spermatozoa have a highly specialid cytoskeletal organization (20) . The localization of myosin im the neck, vimentin in the equatorial segment, and both actin. and spectrin in the principal piece of the tail could be correhtd to PKC localized in these domains. The co-distribution of PKC with these cytoskeletal elements suggests that these proteins are potential substrates for sperm PKC. Indeed, cytoskeletal elements such as vimentin in cultured brain macrophages, actin in G a C 1 cells, and myosin in rat cardiac cells were shown to be PKC substrates in vitro (23) (24) (25) .
Calmodulin (CAM) and phospholipase A2 (PLA2) were previously localized immunocytochemically in bull sperm (26) . The localization of these two proteins suggests some overlapping with PKC in the acrosome and the post-acrosomal region, as well as in the outer dense fibers. Because CAM and PLA2 are involved in signal transduction of calcium-mobilizing ligands, the co-localization with PKC suggests functional cooperation of these signal molecules. Colocalization of PKC and PLA2 in the outer dense fibers suggests some unknown function associated with this flagellar substructure. It has been demonstrated that malformed outer dense fibers are a major cause of suuctural flagellar disorder in human spermatozoa (21) .
Limited attempts were made to localize PKC in various cell systems at the ultrastructural level. PKC was localized in presynaptic terminals of rat cerebral cortex (27) , in rat Purkinje cells (28) , and in cerebral neocortex (29) , all by pre-embedding immunocytochemistry. The only localization of PKC by the immunogold technique was performed, to the best of our knowledge, by Hagiwara et al. (30) , who demonstrated the translocation of PKC to the platelet plasma membrane. The difficulties in demonstrating PKC at the ultrastructural level are partially due to its cytoplasmic location and hence to the soluble nature of most of this enzyme. Sperm cells are compact and have ahigh percentage (>b5%) of particulate PKC. These properties enabled us to demonstrate the enzyme at the subcellular level. This study therefore provides an addition to the limited data concerning the ultrastructural localization of this key regulatory enzyme in signal transduction mechanisms. The localization of PKC in distinct structures of human sperm strongly suggests a role for the enzyme and its subspecies in sperm physiology.
